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A plasma-source, simultaneously detecting, Mattauch-Herzog mass spectrograph for multi- 
element analysis was developed. Simultaneous detection should improve throughput, preci- 
sion, and sensitivity over those instruments that use quadrupole or sector mass spectrome- 
ters. The new instrument is compact (approximately 80 cm in length) and is designed to 
detect a complete atomic mass spectrum in two mass windows that straddle but avoid argon. 
The design and some figures of merit are presented. With a dc glow discharge source, a 
precision of 0.5% determined from eight consecutive 10-s images was obtained for Cu 
isotope ratios in Naval Brass B. With the same sample, nickel and lead were detected at 
limits of 8 and 1 ppm. Measured Mg isotope ratios with an inductively coupled plasma 
source were within 4% of the expected values. The resolution at full width at half maximum 
is currently limited to approximately 60, in part because of poor peak shape. The origin of 
this peak shape has been determined to lie within the array detector and possibly results 
from its interaction with the fringing magnetic fields produced by the second sector. (J Am 
Sot Mass Spectrom 1997, 8, 307-318) 0 1997 American Society for Mass Spectrometry 
T he quadrupole mass filter is the most common form of mass analyzer used for plasma source mass spectrometry. A major drawback of the 
quadrupole is that masses are detected only one at a 
time because it is a scanning instrument. As a result, 
almost all of the analyte is wasted (even neglecting the 
limited quadrupole transmission efficiency) if a com- 
plete atomic mass spectrum is required. This analyte 
waste reduces sensitivity and sample throughput. 
Scanning also makes it more difficult to analyze tran- 
sient samples such as those produced by flow injec- 
tion, chromatographic elution, electrothermal atomiza- 
tion, microsampling, or laser ablation. In addition, 
scanning requires each measured mass to be extracted 
from the plasma at a different point in time; thus, 
ratioing or normalization techniques cannot compen- 
sate fully for time-dependent fluctuations in the 
plasma. This produces a lower signal-to-noise (S/N) 
ratio (precision1 than if the signal from all masses were 
to be measured simultaneously. This point was under- 
scored by Furuta 111, who found that the precision of 
lead isotope-ratio measurements improved with an 
increase in the peak-jumping rate, because the effects 
of source and sampling drift were then reduced. 
Clearly, a plasma-source mass spectrometer that 
would be capable of detecting all (or most) of the 
masses simultaneously would be an improvement. This 
goal could be accomplished by coupling a mass spec- 
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trometer with an array detector that simultaneously 
detects ions as they undergo mass analysis by a mag- 
netic field (a sector). An instrument of this form is 
sometimes referred to as a mass spectrograph, a con- 
vention that we will use here. Mass spectrographs 
should perform better in terms of sensitivity (detection 
capabilities), speed, precision, and throughput than 
either the commonly used quadrupole mass analyzer 
or the expensive scanning double-focusing mass spec- 
trometer. An instrument of this type would also be 
useful for isotope-ratio measurements, stable isotope 
labeling, elemental ratioing, and trace element deter- 
minations. 
Instrument Comparison 
The first “array detector” used for recording mass 
spectra was the photographic plate, which simultane- 
ously detects and integrates the ion signal 12-61. How- 
ever, the photographic emulsion has its shortcomings. 
It has limited sensitivity, is awkward, has low dy- 
namic range, and the conversion of an image to nu- 
merical data is costly, nonlinear, and time-consuming. 
From this simple beginning sprang an electronic im- 
provement called the electro-optical ion detector [7-171, 
which first appeared in the mid 1970s. The detector 
consists of a channel electron multiplier array, phos- 
phor screen, fiber-optic image dissector, and vidicon 
camera system. Although this device was an improve- 
ment over the photographic plate, the lens-camera 
system was an inefficient combination and the detector 
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did not possess the performance characteristics ex- 
pected of modern systems. The linear photodiode ar- 
ray replaced the vidicon camera and is now the most 
commonly used system. 
Several such mass spectrographs have been de- 
signed [18-281. A representative cross section of the 
more relevant instruments will be described here. The 
largest mass spectrograph is Biemann’s four-sector tan- 
dem mass spectrometer with a 5.0-cm array detector 
that covers 6.6% of the desired mass range [18]. This 
instrument is most frequently used to analyze pep 
tides. JEOL offers a commercial mass spectrograph 
with a microchannel plate and charge-coupled device 
at the focal plane of the instrument. Murphy, Mauers- 
berger, and Nier built a 5.9-cm radius (center of the 
microchannel plate) sector instrument with a 2.54-cm 
array detector 119, 201 used for trace-gas analysis. Oth- 
ers have used the fast readout system of the array 
detection system for microbore capillary column gas 
chromatographic mass spectrometry 121-251. Sinha 121, 
251 described a small array detector mass spectrometer 
used for portable microbore gas chromatographic mass 
spectrometry; it has a 12.7-cm long focal plane and can 
record up to m/z 250. Rytz et al. 1281 constructed a 
modified Mattauch-Herzog mass spectrograph for the 
measurement of stratospheric trace gases. Recently, 
Cromwell and Arrowsmith 129-311 reported the devel- 
opment of an array detector, Mattauch-Herzog mass 
spectrometer for the inductively coupled plasma (10’). 
We will discuss this instrument in more detail later. 
Of course, simultaneous ion detection does not re- 
quire an array detector. It is possible to use several 
electron multipliers along the mass-spectrometer focal 
plane. Several such instruments have been described 
in the literature 132-381. For example, Spencer and 
Reber [32] built a mass spectrometer with fixed detec- 
tors for He, N, 0, H,O, N,, and 0, (m/z 4,14,16,18, 
28, and 32). This instrument was designed for satellite 
use. Nier and Schlutter [38,39] built a mass spectrome- 
ter with three fixed electron multipliers, intended pri- 
marily for making 3He/4He measurements. The three 
detectors collect m/z 2, 3, and 4 simultaneously. This 
instrument has a maximum radius of curvature in the 
magnetic sector of 9.53 cm. Houk and co-workers [40] 
built a double-beam mass spectrometer in which two 
quadrupole mass filters sample an inductively coupled 
plasma simultaneously. Walder and co-workers [41-431 
linked an inductively coupled plasma with a sector 
instrument having seven detectors for multi-isotope 
measurements. 
Of all the foregoing plasma-source mass spectrome- 
ters, only three [31,40,43] use simultaneous ion detec- 
tion for atomic mass spectrometry. Although the in- 
strument of Houk and co-workers 1401 offers simulta- 
neous ion detection, an appreciable fraction of the 
analyte material is lost because the beam from the 
plasma must be split. Also, only two masses can be 
detected at once; it would be inefficient to use this 
method for simultaneous detection of three or more 
masses. The instrument of Walder and co-workers [431 
is equipped with multiple channeltron detectors. An 
array detector, such as used here, would increase the 
number of masses that could be detected simultane- 
ously. Cromwell and Arrowsmith’s instrument uses an 
array detector and attempts to detect the entire atomic 
mass spectrum [31], although the instrument seems to 
have its problems. In particular, it suffers from a high 
background signal attributed to argon and poor resolu- 
tion attributed to a wide ion-beam energy spread. Our 
design avoids these limitations, as will be detailed 
subsequently. 
Although the quadrupole ion trap, Fourier trans- 
form ion cyclotron resonance (FHCR), and time-of- 
flight (TOF) mass spectrometers are not truly simulta- 
neous-detecting mass spectrometers, they deserve 
mention here. Such mass spectrometers include a 
plasma-source ion trap mass spectrometer [44-461, a 
glow discharge FTICR mass spectrometer [47, 481, and 
a plasma-source TOF mass spectrometer [49l. Al- 
though these instruments have their advantages, un- 
like a mass spectograph they have to pulse ions into a 
mass analyzer to obtain a mass spectrum; this process 
wastes analyte between pulses. This form of simulta- 
neous detection can be unacceptable for rapidly vary- 
ing signals. 
It appears that no completely satisfactory simulta- 
neous-reading mass spectrometer for a plasma source 
yet exists. Therefore, we have designed a mass spec- 
trometer with an array detector “tailormade” for mul- 
tielement analysis from an argon 10. Design require- 
ments for this instrument were (1) an atmospheric- 
pressure interface, (2) a recording span that covers the 
entire atomic ion range (7-238 u), (3) a baseline resolu- 
tion of 500, to provide unit-mass resolution over the 
atomic mass range, (4) avoidance of complications 
arising from the high abundance of argon ions, and (5) 
virtually simultaneous ion detection capability from 
m/z 7 (Li) to 238 0. Other requirements included 
high throughput, high abundance sensitivity, freedom 
from space-charge effects, and low background levels. 
Mass Spectrograph Design 
The initial consideration in designing a mass spectrom- 
eter is its geometry [50]. For our purpose, the most 
important characteristic of this geometry is a flat focal 
plane. The Mattauch-Herzog design 151,521 is optimal 
for this purpose. It is compact, it is geometrically 
simple, and most importantly, it has a long linear focal 
plane. The Mattauch-Herzog geometry (including di- 
mensions specific to our mass spectrograph) is illus- 
trated in Figure 1. 
The Mattauch-Herzog Geometry 
Although it is beyond the scope of this article to 
review the ion optic theory of the Mattauch-Herzog 
geometry, some attention should be given to the topic 
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Figure 1. Input ion optics and mass spectrograph (Mattauch-Herzog) geometry. 
because reference will be made to the subject through- 
out the rest of the text. Only the pertinent points will 
be discussed here; for further details, see the original 
manuscripts on the subject [51-531. 
The subsequently defined variables and coordinates 
follow a general format. Subscripts e and m represent 
the electric sector and magnetic sector, respectively. 
Also, a superscript prime indicates the object side of a 
sector and a superscript double-prime denotes the im- 
age side of a sector. A subscript zero indicates refer- 
ence mass, velocity, and so forth. See Figure 1 for x, y, 
and z direction coordinates. See Table 1 for a glossary 
of symbols. 
The Mattauch-Herzog geometry incorporates a slit 
of given width (S) followed by a field-free region 1: 
(1; = R,/ a). F rom there, an electric sector (ESA) 
follows. This sector is of unspecified radius R, and 
with an angle of deflection (ae,> of r/4&. A condition 
of this geometry is that the focal point of the ions 
leaving the electric sector must be at infinity; that is, 
the beam must be collimated (in the x direction only). 
The following equation determines the object focal 
point for an image focal point of infinity: 
Equation 1 dictates the condition for the first field-free 
region, as previously stated. Another field-free region 
of nonspecific length (I,, = 1: + 16) is located after 
the electric sector. Ions enter normal to the magnetic 
sector (E’ = 0) and are deflected with a trajectory of 
radius R, (opposite in direction of the electric sector). 
The angle of deflection (@,,,I is 7~/2 and the ions exit 
the magnetic sector toward the focal plane at an angle 
- 7~/4 (E” J. The focal plane is located at the end of the 
magnetic sector. 
The following equations will be used to evaluate 
the mass spectrograph and are specific for the Mat- 
CK 
FCCAL 
PLANE 
tauch-Herzog geometry. The peak width (W,) on the 
array detector is given by 
(2) 
Note that this value is equal to the magnification 
f RJR,) times the slit width. The fi is present be- 
cause the ion beam strikes the array detector at an 
angle of 7~/4. The mass dispersion (D) can be calcu- 
lated from 
JJ= fiR, 
2 
(3) 
A definition of resolution (R) for the Mattauch-Herzog 
geometry was provided by Mattauch in his original 
description of the geometry [52]: 
(4) 
Here, resolution is defined as the mass “for which the 
distance of the lines on the plate is equal to the 
linewidth [53].” This resolution definition pertains to 
square peak shapes. Another criterion of the Mat- 
tauch-Herzog geometry is the path length that the ion 
beam must travel. Whereas the ion beam does not 
undergo any focusing in the y direction, more ions are 
lost as the path length is increased. Therefore, it is 
useful to specify mass spectrometer size. Path length 
of the mass spectrograph (PL,,) is determined by 
where the sector angles are in radians. Because the 
focal plane is directly after the magnetic sector, a 
variable for this distance is not required (1: = 0). The 
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Table 1. Glossary of symbols 
area of analyte peak at FWHM 
magnetic field strength 
mass dispersion 
detection limit 
A 
6 
D 
DL 
E 
EC1 
E’ 
@e 
@Ill 
I” m 
I em 
L 
a:,, 
f-+ 
mL 
m0 
Am 
n 
PL, 
bls 
PL,,, 
R 
4 
RH 
RL 
R, 
(r 
S 
% 
[XI 
ion beam energy 
magnetic-sector exit angle 
magnetic-sector entrance angle 
electric-sector angle 
magnetic-sector angle 
field-free region after magnetic 
sector 
field-free region between the 
electric and magnetic sectors 
length of the entire focal plane 
distance between two peaks along 
focal plane 
high mass; a mass greater than m, 
low mass; a mass smaller than m. 
reference mass 
difference between high and low 
mass 
relative mass difference between 
m. and m,, or mL 
number of points used in detection 
limit calculation 
path length of interface 
path length of mass spectrograph 
field-free region before the electric 
sector 
resolution 
electric-sector radius 
high-mass radius in magnetic sector 
low-mass radius in magnetic sector 
magnetic-sector radius 
noise (standard deviation of 
background next to an analyte peak) 
slit width 
peak width along the focal plane 
analyte concentration 
total path length (PL,,,), including the interface, is 
simply PLtot = PL Ms + PL,, where PL, is the path 
length of the interface, including ion optics. The physi- 
cal length (A LFp) between two peaks of mass-to-charge 
ratio mu and mL along the focal plane can be calcu- 
lated with a reference peak between them (of mass VI,) 
from 
DAm 
AL,=- 1+a,z.&p4 (6) 
m0 
where mu is the high mass, mL is the low mass, 
Am = mu - mL and p = pu = -pLL which is deter- 
mined from 
mL - mo mH - mO 
PL = and pu = (7) 
m0 m0 
Equation 6 is applicable only for a system where mH - 
m, = m, - mL. 
Magnetic-Sector Design and Instrument Size 
The following equation determines the trajectory of an 
ion in a magnetic field: 
m R&B2 
- = 4.822 x 1O-5 - 
z E 
where m/z is the mass-to-charge ratio, R, is the 
radius of the ion trajectory (centimeters), B is the 
magnetic field strength (gauss), and E is the energy of 
the ion beam (electronvolts). Because one of the pri- 
mary goals for this mass spectrometer is simultaneous 
ion detection, it is necessary to calculate the length of 
the required focal plane, the mass ratio that will then 
be detected, and the radius of the trajectories. Keeping 
the magnetic field and ion-beam energy constant in eq 
8 produces a mass-ratio to radius-ratio relationship of 
(91 
where R, is the radius of the high-mass trajectory and 
R, is the radius of the low-mass trajectory. The Mat- 
tauch-Herzog geometry influences the radius ratio by 
the following relationship: 
v’%R, - R,) = L, (10) 
where I,, is the length along the focal plane between 
the two radii. The square root of 2 is a geometric 
factor. Knowing the mass ratio that must be detected 
on a focal plane of a known length results in two 
equations (eqs 9 and 10) with two unknowns. The 
largest and smallest mass-to-charge ratio values that 
we must determine are 7 (Li) and 238 (U) (mass 
ratio = mH/mL = 34.0). A 7.6-cm array detector (focal 
plane) is sufficiently large and commercially available 
(Galileo, Sturbridge, MA; Hamamatsu, Bridgewater, 
NJ); our mass spectrograph is designed for such a 
detector. 
On balance, it seems better to measure the mass 
range from 7 to 238 u in segments that we call mass 
windows. Keeping the number of mass windows to a 
minimum (two) will produce the closest approxima- 
tion to simultaneous ion detection. Furthermore, the 
windows could be situated to avoid the troublesome 
argon-ion region near 40 u. Use of two mass windows 
from 7-38 and 42-238 u produces mass ratios of 5.43 
and 5.67, respectively. The large mass ratio results in a 
radius ratio of 2.38 (from eq 9). Therefore, with a 
focal-plane length of 7.62 cm, R, = 9.29 cm and R, = 
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3.90 cm; these dimensions are given in Figure 1. This 
arrangement is advantageous because argon will not 
be detected at 39-41 u. When the system jumps from 
one mass window to the next, conditions would be set 
so the argon focusing point is at one side of the 
detector or the other, where it will fall onto an ion 
dump to minimize scattering and background noise. 
Electric Sector 
The electric sector is designed to cancel second-order 
angular aberrations at the magnetic sector radius of 
9.52 cm. Higher-order focusing was set just outside the 
location of the array detector for the possible future 
location of a channeltron detector for diagnostic stud- 
ies. Johnson and Nier [54] developed the necessary 
calculation some time ago; angular aberrations for the 
Mattauch-Herzog geometry cancel when the ratio of 
the electric-sector radius to magnetic-sector radius 
c&/R,,,) is 1.683. Therefore, for our instrument, the 
electric-sector radius must be 16.03 cm. Nier and 
Schlutter 1381 designed and built a 16-cm electric sec- 
tor, which formed the basis of our design. 
In the electric sector, a drop in the electric field near 
the top and bottom edges (along the length or y 
direction) of the pole pieces can be a source of equipo- 
tential inhomogeneity. Commonly a width-to-length 
ratio of 4 : 1 is used to minimize this effect [55]. Shims, 
sometimes called a Rose correction, can be used to 
correct for this inhomogeneity [56]. Shims reduce the 
required 4: 1 width-to-length ratio and are present in 
our electric sector. The shims act by bringing the top 
and bottom edges of the pole faces of the electric sector 
closer together, thereby increasing the electric field in 
the region where the field would otherwise drop off. 
Roughly a 13% improvement in the homogeneity of 
the field strength is expected with these shims. 
Inhomogeneous or fringing fields also occur before 
and after the electric sector. Herzog [57] calculated and 
designed diaphragms or shunts to correct for these 
fields (see Figure 1 for their location in our instrument). 
The diaphragm functions by producing a sharp 
equipotential gradient between each shunt and the 
corresponding end of the electric sector, resulting in a 
field-free region before and after the electric sector. 
Without the diaphragm, the electric sector would pro- 
duce a slight field in these areas. When both the Rose 
correction and the Herzog shunt are employed, the 
electric-sector performance is improved by reducing 
the fringing or inhomogeneous fields and bringing the 
performance of the electric sector closer to ideal condi- 
tions. 
As previously stated, the x direction focal point of 
the ions leaving the electric sector must be at infinity 
with the Mattauch-Herzog geometry. Therefore, for 
our instrument, the object focal length or the length 
from the source slit to the front end of the electric 
sector (1: in Figure 1) is 11.33 cm. Because the ions 
leave the electric sector with no focal point (i.e., the 
beam must be collimated in the x direction), the dis- 
tance between the electric sector and the magnetic 
sector can be selected for fabrication convenience as 
well as minimized to reduce ion loss. 
Inductively Coupled Plasma-Mass Spectrometer 
In terfuce 
This mass spectrograph requires a three-stage sam- 
pling interface, consisting of three conductance-limited 
apertures, because the ICI’ is an atmospheric-pressure 
source. This sampling process has been well character- 
ized [58-651. Ions are accelerated by floating the source 
(the first vacuum region of the instrument) to the 
desired potential. See subsequent text for further de- 
tails. 
After the sampling process, ion optics focus the ion 
beam onto the entrance slit of the mass spectrograph. 
These ion optics consist of an acceleration grid and 
einzel lens followed by a dc quadrupole doublet. The 
quadrupole set shapes the ion beam and raises ion 
transmission through the entrance slit. Additionally, y 
direction focusing of the dc quadrupole doublet re- 
duces ion loss due to the lack of focusing in that 
direction in the mass spectrograph. 
Theoretical Detection Limit 
Simple calculations of expected transmission efficien- 
cies through the instrument give an estimated detec- 
tion limit and a prediction of overall performance. A 
key reason why ICI’ mass spectrometry instruments 
offer better detection limits than atomic emission spec- 
troscopy instruments is the lower background noise 
observed in the former. The background signal from 
our array detector (two stage) should be roughly 3 
counts per second (cps) per square centimeter [66]. 
Assuming a microchannel-plate gain of 106, a pixel 
diameter of 12 pm, and an integration time of 10 s 
gives a background signal of 3.4 x lop5 counts or 34 
electrons. It is commonly recognized that Poisson 
statistics produce a noise level equal to the square root 
of the signal. Therefore, the noise on the background 
signal should be 5.8 electrons. A signal-to-noise ratio of 
3 leads us to a minimum detectable signal of 18 elec- 
trons or 1.8 X 10m5 counts in the 10-s integration time. 
This value corresponds to a detection limit of 1.8 X 
10e6 cps. Assuming a 70% detection efficiency of the 
microchannel plate, a 10% transmission efficiency of 
the combined sectors, and a 0.1% transmission effi- 
ciency of the slit, we calculate a minimally detectable 
signal of 3 X lo-* cps before the ions pass through the 
slit of the mass spectrograph. Calculations of the 
plasma sampling process are generally well under- 
stood [67]. We conservatively estimate the transmis- 
sion efficiencies of the third vacuum stage aperture as 
O.Ol%, the second vacuum stage aperture or skimmer 
as l%, and the sampler (first vacuum stage aperture) 
plus the nebulizer-spray chamber system as 1%. This 
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leads to a final detection limit of 3 X 106 analyte atoms 
per second entering the nebulizer. Assuming a 
sample-solution flow rate of 1 mL/min into the nebu- 
lizer and a molecular weight of 100 u gives a detection 
limit of 0.03 ppt, or 30 ppq. This theoretical detection 
limit is very competitive with those offered by other 
instruments currently in operation. 
Mass Spectrograph Description 
lnstrumen t Specifications 
Figure 2 is a scale drawing of the mass spectograph 
design (see Figure 1 for several specific dimensions). 
The mass spectograph can operate with either a dc 
glow discharge (GD, shown) or an inductively coupled 
plasma (ICI’, not shown) source. The accelerating po- 
tential is set by applying a voltage to the first vacuum 
stage (separated from the rest of the instrument with a 
l-cm Teflon spacer). This design ensures that high 
potential differences occur at either moderate vacuum 
(at least 10W3 torr) or at atmospheric pressure to elimi- 
nate unwanted discharge. Further discussion of float- 
ing the source of this instrument has been given previ- 
ously [681. Pertinent typical source operating parame- 
ters are listed in Table 2A and B. 
An electrically isolated lens tunnel follows the 
skimmer. This tunnel acts as both a lens and as a 
barrier between the second and third stages. Inside the 
lens tunnel is a pair of acceleration grids, an einzel 
lens, and a dc quadrupole doublet. The pair of grids 
accelerates the ion beam to its final potential in addi- 
tion to the acceleration that occurs in the second vac- 
uum stage. The einzel lens is located after the grids 
and is used to focus the ion beam as soon as possible 
after it is accelerated. The dc quadrupole doublet (see 
also Figure 1) focuses the ion beam onto the entrance 
slit of the mass spectrograph. Other pertinent instru- 
ment specifications and typical pressures are listed in 
Table 2C. 
TO TURBO PUMP 
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Table 2. Typical instrument conditions 
A. dc Glow discharge 
Discharge voltage 
Discharge current 
Typical pressure (first vacuum stage) 
Cathode to anode distance 
Sample 
B. Inductively coupled plasma 
ICP forward power 
ICP reflected power 
Torch gas flows 
Outer 
intermediate 
Central 
Torch shield potential 
Nebulizer 
Spray chamber (room temp.) 
First vacuum stage pressure 
C. Mass spectrograph 
Sampler aperture diameter 
Skimmer aperture diameter 
Third vacuum stage aperture diameter 
Second vacuum stage pressure 
Third vacuum stage pressure 
Accelerating potential 
ESA potential 
1000v 
IOmA 
0.6 torr 
1.5 cm 
Naval Brass B 
(NIST SRM I I 07) 
1.25 kW 
5w 
14.0 L/min 
1.06 L/min 
1.06 L/min 
1000v 
Meinhard 
Scott type 
0.9 torr 
0.7 mm 
0.6 mm 
0.5 mm 
3-5 X 10m4 torr 
1 X 10m6 torr 
1000v 
*95v 
The current entrance slit is 550 pm wide and 0.635 
cm tall. This slit width produces a theoretical resolu- 
tion of only 145 (from eq 4). This large slit width was 
maintained solely for the purpose of enhancing ion 
throughput. Higher resolution is possible by replacing 
this plate, but with an attendant change in ion 
throughput. After the slit, the ions travel through a 
field-free region to the electric sector. As described in 
the preceding text, the electric sector contains shunts; 
ELECTRIC SECTOR 
MAGNET 
eLiI’,\,, ~ 
‘,., 
ENTRANCE SLIT 
c 
TO TURBO PUMP 
-15 CM- 
Figure 2. Scale drawing of the plasma-source mass spectrograph with dc glow discharge source 
(ICI’ sampling plate not shown). Shaded areas are Teflon or Macor (insulator) and diagonally ruled 
areas are stainless steel (type 304). 
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the distance between the electric-sector face and the 
shunts is 0.114 cm. The gap width of the electric sector 
is 1.52 cm and the width of the pole faces is 3.81 cm. 
An aperture can be affixed to the exit shunt (initial 
design was for a 0.635-cm X 0.635-cm aperture). For 
the experiments presented here, this aperture was not 
in place, again for enhanced ion throughput. The gap 
width of the magnetic-sector flight tube is 0.635 cm. 
With these dimensions established, a path length 
(PL,) can be determined from eq 5. For the high-mass 
radius (RH = 9.29 cm>, the path length is 38.6 cm; for 
the low-mass radius (R, = 3.90 cm), the path length is 
30.2 cm. This difference of approximately 8 cm could 
play an important role in causing a mass bias if the 
divergence angle in the y direction were not properly 
constrained by the quadrupole doublet. The total path 
length (PL,,,) for the high-mass radius of the mass 
spectrograph (from skimmer to focal plane) is 64.2 cm. 
Array Detector 
Although this mass spectrograph was designed for a 
7.6-cm array detector, to test the concept we have 
settled for a 2.54-cm (diameter) microchannel-plate 
(MCI’) array detector (12~pm pixels) with an active 
phosphor diameter of 1.7 cm (Hamamatsu, Bridgewa- 
ter, NJ). Mass-window hopping was not employed. 
The location of the detector is such that the high-mass 
radius (R,) is 10 cm and the low-mass radius (R,) is 9 
cm. The phosphor image is then optically transferred 
by a two-lens system (the focal lengths of the first and 
second lenses are 25.0 and 18.0 cm, respectively) onto a 
charge-coupled device detector (CCD) (Photometrics, 
Tucson, AZ). The CCD is 0.88 cm tall by 1.32 cm wide, 
and each pixel is 23 pm wide. The optical lens system 
is configured so the full 1.7 cm of the phosphor is 
directly imaged onto the available 1.32-cm active sur- 
face of the CCD. This CCD subtracts the dark current 
from each image. For all recorded spectra, the CCD 
was binned two pixels in the x direction and four 
pixels in the y direction. Images from the CCD were 
analyzed on a Macintosh Powerbook 5300~ computer 
by using the public domain NIH Image program (de- 
veloped at the U.S. National Institutes of Health and 
available from the Internet). 
With the focal plane located directly after the mag- 
netic sector, fringing magnetic fields can adversely 
affect the performance of the array detector. Com- 
monly, the problem occurs after the MCI’, where elec- 
tron trajectories are influenced by the field. Magnetic 
shielding and high detector voltages reduce the sever- 
ity of this problem. Voltages now used on the detector 
are grid 0 V (postacceleration), front MCI’ - 3 kV, back 
MCI’ -2 kV, and phosphor + 2 kV. The grid (86% 
transmission efficiency, 2.76 lines/mm, Buckbee-Mears, 
St. Paul, MN), located in front of the detector, is used 
to keep fringing electric fields from entering the mag- 
netic-sector flight tube, which would alter the path of 
the ions in the magnetic sector. To increase the gain on 
the detector, the front MCI’ voltage was lowered to a 
more negative value. At present, the detector is not 
shielded from fringing magnetic fields. 
Vacuum Pumps and Magnet 
Two roughing pumps and two turbo pumps produce 
the needed vacuum. A 1500-L/min roughing pump 
(Leybold, Hamilton, OH) maintains the first stage of 
the ICI’ mass spectrometer interface at roughly 1 torr. 
Two turbo pumps of 360 and 180 L/s (Balzers, Hud- 
son, NH) connect to the second and third stages of the 
interface, respectively. A 96-L/min roughing pump 
(Leybold, Hamilton, OH) backs the two turbo pumps. 
A specifically designed electromagnet is used to pro- 
duce the magnetic field (PATCO, Bellefonte, PA). Al- 
though the reduced size and cost of a permanent 
magnet would be desired and might be attractive in 
future designs, the flexibility of an electromagnet was 
preferred at this stage of instrument development. 
Mass Spectrograph Performance 
and Discussion 
We present here four figures of merit: precision, accu- 
racy, detection limits, and resolution. Preliminary fig- 
ures of merit are important characteristics that gauge a 
mass spectrometer’s performance and indicate where 
weaknesses exit. 
Precision 
Precision measurements were conducted with the GD 
source. Figure 3 is a mass spectrum of copper and zinc 
in brass (Naval Brass B, NIST SRM 1107) with 1000 V 
across the detector. All mass spectra are displayed 
with an image plot above an average plot. Each image 
plot consists of pixels of 285 columns (x direction, 
mass) and 94 rows ( y direction). Each pixel in the 
image plot represents intensity by pixel darkness. An 
average plot is the average signal from all pixels in a 
given column. For this mass spectrum, 20 images were 
captured over a 10-s integration time and then aver- 
aged. 
All of the copper and zinc isotopes are visible in this 
spectrum. Figure 4 shows the averaged peak signals 
from both 63C~+ and 65Cu+ for all 20 of the images 
that make up Figure 3. As is evident from the figure, a 
large fluctuation in the signal occurred during data 
collection. Experience suggests that this deviation 
probably resulted from an arc occurring either in the 
glow discharge or between the first-stage interface and 
lens-tunnel cap (an arc of this .form was not experi- 
enced for the remainder of the spectra presented). 
Regardless of the source of this excursion, the relative 
standard deviations (RSD) of the 63Cu+ and 65Cu+ 
signals are 26 and 28%, respectively. However, the 
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Figure 3. dc glow discharge mass spectrum of copper and zinc 
from Naval Brass B, NIST SRM 1107. The top spectrum is the 
image recorded from the CCD and the bottom spectrum is the 
average of the pixel rows for each column in the upper image. 
RSD of the ratio of these two signals is 1.9%. This 
example demonstrates the power of simultaneous de- 
tection. In a practical determination, ratioing could be 
implemented by means of internal standardization, 
isotope ratioing, or isotope dilution. Of course, this 
example represents a worst case; the RSD of the 63Cu+ 
and 65Cu+ ratio for the first eight images (where no 
dramatic changes in signal have occurred) is 0.5%. 
Accuracy 
The data in Figure 3 were fitted to six Lorentzian 
curves (for each mass-to-charge ratio between 63 and 
68) by using Microsoft Excel (Microsoft Corporation, 
Redmond, WA). Fitted amplitudes were generated and 
compared to the expected values; the results are shown 
in Table 3. The average difference in the Cu and Zn 
isotope ratios between the measured and expected 
values is 11.0%. Figure 5 is an ICI’ mass spectrum of 
100-ppm magnesium. This mass spectrum is an aver- 
age of five 10-s images with 850 V across the MCI+. 
From the same peak fitting procedure as with the GD 
source, the average difference in the Mg isotope ratios 
between the measured and expected values is 3.7% 
(see Table 3). Comparing the spectra in Figures 3 and 5 
with Table 3, we note that the isotope-ratio accuracy 
improves as the peak separation increases. Also, iso- 
topic ratio accuracy might be biased by the peak shape. 
These points will be discussed in more detail later. 
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Figure 4. Average signal from 20 consecutive 10-s images of 
63Cu and 65Cu (from Figure 3). The RSD of the “3Cu and 65Cu 
signals are 26 and 28%, respectively. Ratioing the signals pro- 
duces an RSD of 1.9%. This is a worst-case situation; the ratio of 
the first eight images (a more realistic signal behavior) gives 
0.5% RSD. 
Detection Limits 
Figures 6 and 7 are GD mass spectra of nickel and 
lead, obtained from Naval Brass B. The concentrations 
of nickel and lead in the sample are 980 and 1800 ppm, 
respectively. The nickel mass spectrum is an average 
of five images taken with an integration time of 20 s 
and with 1000 V across the MCI’. The lead mass 
spectrum is an average of five images taken with an 
integration time of 10 s and 1300 V across the MCI’. 
The detection limit is calculated by [69] 
where DL is the detection limit, [ X] is the concentra- 
tion of the analyte at which the measurement is made, 
A is the area of the analyte peak at full width at half 
maximum (FWHM), (T is the noise calculated by de- 
termining the standard deviation of the background 
next to the analyte peak, and n is the number of points 
used in determining the peak area and background 
noise (these would be the same, barring unusual cir- 
cumstances, as subsequently indicated). 
The calculated detection limits for nickel and lead 
are 8 and 1 ppm, respectively. Some elaboration is 
appropriate for both detection limits. The nickel mass 
spectrum (Figure 6) shows some overlap with the 
56Ar0+ peak owing to a disappointing abundance sen- 
sitivity. The nickel signal was integrated at FWHM to 
the baseline for both m/z 58 and 60. The 58Ni+ base- 
line was determined by extrapolating a straight line 
from the valley of m/z 56/58 to the valley of m/z 
58/60. A similar procedure was adopted for 6oNi+. 
The integrated peak pixels were added together as the 
analyte area. Due to the limited mass coverage, only 22 
background data points were used to determine the 
noise baseline, although 85 data points were used to 
determine the signal level. In calculating the detection 
limit, n = 85 in eq 11. Roughly the same procedure 
J Am Sot Mass Spectrom 1997, 8, 307-318 PLASMA-SOURCE MASS SPECTROGRAPH 315 
Table 3. Measured versus expected isotope ratios” 
Element Mass Measured (%I Expected (%Ib % Difference 
cu 
Zn 
63 
65 
64 
66 
67 
68 
70 
70.3 69.17 
29.7 30.83 
57.2 48.6 
26.0 27.9 
NA 4.1 
14.1 18.8 
NA 0.6 
Average difference 11 .O% 
-1.6 
3.7 
-17.7 
6.8 
NA 
25.0 
NA 
Mg 24 80.1 78.99 - 1.4 
25 9.4 10.00 6.0 
26 10.6 11 .Ol 3.7 
Average difference3.7% 
aNA denotes signals were too small to obtain reliable information. 
bDe Bievre, P.: Taylor, P. D. P. ht. J. Mass Spectrom. Ion Process 1993, 123, 149-166. 
was used in determining the lead detection limit (i.e., 
background-subtracted signals were used) although 
for both signal and noise determinations, 21 data points 
were used. Incidentally, the measured Ni m/z 60/58 
isotope ratio (1.9) does not correspond well to the 
expected value (2.6). This inaccuracy is probably due 
to an unknown argon interferent, but we believe this 
has a minimal effect on the calculated detection limit. 
Although the detection limits are only barely ac- 
ceptable at present, they were taken with moderate 
integration times and detector gains. This compromise 
was accepted to accommodate the sample, which was 
rather concentrated in nickel and lead. Increasing ei- 
ther gain or integration time would result in saturating 
the detector. At more realistic detector voltages and 
slightly longer integration times (60 s), detection limits 
should improve by 2-3 orders of magnitude. Of course, 
these detection limits were taken with a 550-pm slit 
width; improving the instrument resolution to the de- 
signed value by narrowing the slit width will worsen 
the detection limit. 
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Figure 5. ICI’ mass spectrum of 100-ppm magnesium. Five 
averaged 10-s images and 850 V across the two-stage MCI’. The 
top spectrum is the image recorded from the CCD and the 
bottom spectrum is the average of the pixel rows for each column 
in the upper image. The measured 24Mg peak width at FWHM is 
639 pm. 
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Figure 6. dc glow discharge mass spectrum of nickel from NIST 
SRM 1107. The calculated detection limit (at S/N = 3) is 8 ppm 
for five averaged 20-s images and 1000 V across the two-stage 
MCI’. The image is dark-current subtracted. The top spectrum is 
the image recorded from the CCD and the bottom spectrum is 
the average of the pixel rows for each column in the upper 
image. 
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Another factor that governs detection limits is the 
transmission efficiency of the instrument. Ion loss oc- 
curs at each conductance-limiting aperture or slit. To 
track this loss through the instrument, ion current was 
measured at every available lens electrode with a 
picoammeter. The average ion-current value at the 
lens-tunnel cap (third-stage orifice) is 1 X 10P7 A, 
whereas at the entrance slit, it is 5 X lOPi0 A, a 2-3 
order of magnitude loss. Also, approximately 1 order 
of magnitude is lost at both the entrance slit (current 
difference between the entrance slit and the positive 
pole of the electric sector) and within the mass spectro- 
graph (current difference between the positive pole of 
the electric sector and a Faraday cup located at the 
focal plane). The ion current is also relatively low 
initially as a result of the small skimmer aperture. The 
large loss of signal within the third vacuum region is 
similarly a result of the small third-stage aperture. 
Although the diameter of these apertures can be in- 
creased to increase ion current, there is a compromise 
between maintaining a desired pressure and improv- 
ing signal throughput. 
90 
60 
= 30 
0 
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Resolution 
The spectra of Figures 3, 6, and especially 7 show a 
lack of resolution. Resolution at FWHM between m/z 
64 and 65 in Figure 3 is measured at 60. The resolution 
is somewhat degraded by the peak shape, which is far 
from the expected Gaussian distribution. Unfortu- 
nately, no comparison between measured and theoreti- 
cal resolution can be made due to the difference in 
theoretical versus actual peak shape. Our peaks appear 
to have a broadened base, which has been noted before 
[301. 
Figure 7. dc glow discharge mass spectrum of lead from NIST 
SRM 1107. The calculated detection limit fat S/N = 3) is 1 ppm 
for five averaged 10-s images and 1300 V across the two-stage 
MCI’. Tick marks inside the average (lower) plot indicate mass- 
to-charge ratio values. The image is dark-current subtracted. The 
top spectrum is the image recorded from the CCD and the 
bottom spectrum is the average of the pixel rows for each column 
in the upper image. 
To identify the origin of the peak shape let us 
compare the measured and theoretical image widths. 
As previously stated, each pixel on the CCD is 23 pm 
wide and two pixels are binned in the x direction. Use 
of this fact and the magnification of the light optics 
(fl/f2 = 25.0/18.0 = 1.39) results in each pixel on the 
x axis being equal to 63.9 pm. At FWHM, the peak 
width for 24Mg is 10 pixels or 639 grn. The low-mass 
radius on the array detector is approximately 9 cm. 
However, from eq 2, we see that the peak width is a 
function of the radii of the magnetic and electric sec- 
tors and of the slit width. Thus, any inaccuracy in the 
magnetic-sector radius will affect the theoretical peak 
width. We can calculate the magnetic-sector trajectory 
radii with greater accuracy by measuring the distance 
between the m/z 24(m,), 25 (ma), and 26 (m,) and by 
using eqs 3,6, and 7. For this system p = 0.04, Am = 2, 
m, = 25, and AL, is measured to be 543 pm (there 
are 85 pixels between 24Mg and 26Mg). Equation 6 
gives the mass dispersion ( 0) equal to 6.787, and from 
eq 3, we calculate R, (for 25Mg) as 9.60 cm. Therefore, 
eqs 9 and 10 yield R, for 24Mg as 9.40 cm and R, for 
26Mg as 9.79 cm. By using R, = 9.40 cm for 24Mg, we 
calculate a theoretical peak width from eq 2 of 456 pm. 
This is slightly narrower than the measured width of 
639 pm (a difference of approximately three pixels) 
and indicates that either ion focusing (in the mass 
spectrograph) or light focusing (from the phosphor to 
the CCD) can be improved. 
Two questions remain unanswered. First, is the 
FWHM a reliable measure of ion-beam width at the 
focal plane of the mass spectrograph? Second, where 
does the poor beam shape originate? To answer these 
questions we placed a 350-pm mechanical slit in front 
of the center of the MCI’. Figure 8 shows the m/z 16 
(oxygen) ion beam imaged onto the slit with the detec- 
tor set for conventional operation (front MCI’ -3 kV, 
back MCI’ -2 kV, and phosphor +2 kV). To ensure 
that the I60 peak was not imaged completely through 
the slit and therefore biasing the recorded peak shape, 
the beam was broadened intentionally by changing the 
ESA potentials. Note that, with this experiment, a 
350-pm-wide ion beam is imaged onto the front of the 
MCI’ and the resultant image is independent of peak 
distortion that would originate within the mass spec- 
trograph. The resulting peak shape in Figure 8 is 
almost identical to the 24Mg peak displayed in Figure 
5. This seems to indicate that the peculiar peak shape 
originates between the array detector and the CCD and 
not within the mass spectrograph. Additionally, we 
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Figure 8. Imaged 350~pm slit in front of the MCP. The mea- 
sured width (at FWHM) is 510 pm, whereas the expected width 
is 495 km. The top spectrum is the image recorded from the CCD 
and the bottom spectrum is the average of the pixel rows for each 
column in the upper image. 
replaced the array detector with a conventional elec- 
tron multiplier (the instrument was now a scanning 
instrument) and the subsequent mass spectra con- 
tained the expected gaussianlike peak shapes-further 
evidence that the odd peak shape originates within the 
array detector. Figure 8 shows that, at FWHM, the 
measured peak width is eight pixels or 510 pm wide. 
This is in good agreement with what one should see: 
495 I*rn (35Ofi). 
Additional experiments have been conducted in an 
attempt to ascertain the origin of the unexpected peak 
shape. An illuminated slit was imaged with the light 
optics onto the CCD; this experiment eliminated the 
CCD as a source of the distortion. This result indicated 
that the peak distortion was caused by the MCI’ and 
phosphor assembly. Changing the magnetic field 
strength, gain, postacceleration potential, and potential 
between the back MCI’ and phosphor did not alter the 
peak shape. The shape is not caused by blooming 
either. We believe it is a result of the fringing magnetic 
field, caused by the detector sitting too close to the 
magnetic sector. Perhaps only a small amount of fring- 
ing magnetic field is needed to produce the peak shape 
effect. Magnetic shunts and shielding may help allevi- 
ate the problem and will be tested in future studies. 
Conclusion 
The design of a plasma-source mass spectrograph has 
been presented and preliminary figures of merit indi- 
cate that it could be competitive with other plasma- 
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source mass spectrometers. Precision, accuracy, detec- 
tion limits, and resolution were all evaluated. The 
instrument’s strength is its simultaneous-detection ca- 
pability, which was demonstrated by improving preci- 
sion through simple ratioing techniques. Although de- 
tection limits were not impressive (due to the moder- 
ate conditions under which they were obtained), they 
are promising. Last, the resolution was evaluated, and 
it is of substantial concern. The disappointing resolu- 
tion is a result of a wider-than-designed entrance slit 
width, incomplete focusing, and a poor peak shape. 
The slit width and focusing can be improved, and the 
origin of the peak shape has been narrowed down to 
the array detector. With an improvement in resolution 
and peak shape, the accuracy of measuring isotope 
ratios is expected to improve. 
Several improvements are planned for the instru- 
ment. We are currently replacing the existing entrance 
slit with an adjustable slit. This will improve resolu- 
tion and will offer flexibility. Although not yet mea- 
sured, the limited dynamic range afforded by typical 
MCI? and CCD detectors remains a concern. This is 
especially relevant when one considers the high con- 
centrations of water, argon dimer, and argides that 
most plasma sources produce. Recently it was shown 
that the addition of hydrogen or nitrogen neutralizes 
argon ion [70, 711. This scheme, perhaps coupled with 
an ion guide [72-741, might increase the dynamic 
range of the instrument and improve throughput of 
the third-stage aperture. 
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